Introduction
The formation of colored molybdophosphate anions in solutions is the basis of the colorimetric or spectrophotometric determination of phosphate anion. 1 Yellow molybdophosphate anionic species are formed in aqueous Mo(VI) media at certain acid conditions. However, the molybdenum yellow method appears unsuitable for the samples containing silicate anion, in which yellow molybdosilicate anions also form. 2 Conventional molybdenum blue method is based on the formation of blue metal-substituted-molybdophosphate anions in aqueous solution. [3] [4] [5] The formation equilibria in the aqueous medium are quite complex, 6, 7 so that the phosphate determination must be done under carefully controlled conditions. Although the addition of water-miscible organic solvent (O) can stabilize the blue molybdophosphate species to improve the spectrophotometric response, 8 it is not easy to apply the method to the phosphate determination in complicated matrix.
It has been known that yellow heteropolyanions which are unstable in aqueous media can be stabilized by addition of water-miscible O's, such as acetone, acetonitrile (AN), dimethyl sulfoxide, and ethanol (EtOH). In the organic-water (O-W) Mo(VI) media, the yellow [PMo12O40] 3- anion is formed at certain acid conditions 9, 10 However, yellow isopolymolybdate 11 and molybdosilicate 12 anions are formed also in such O-W media. Thus a suitable reaction system for the phosphate determination has been desirable.
In this study, the formation of molybdophosphate in ethylene glycol (EG)-W mixed solutions has been investigated to develop the determination of phosphate anion with a novel reaction system. The EG-W solutions containing Mo(VI) and HCl at certain conditions were colorless. By addition of phosphate anion, the yellow molybdophosphate anionic species was formed in the EG-W media. On the other hand, the yellow isopolymolybdate and molybdosilicate anions were not formed significantly in the reaction media. Based on the formation equilibria, phosphate anion can be spectrophotometrically determined even in the presence of excess silicate anion. The method is simple, rapid, and easy to carry out. The detailed experimental results are described below.
Experimental
Analytical grade ethylene glycol was used for the preparation of the EG-W media. Analytical grade sodium molybdate dihydrate was added to the EG-W media as Mo(VI) species. Disodium hydrogenphosphate and sodium metasilicate nonahydrate were added as P(V) and Si(IV) species, respectively. These chemicals were obtained from Wako Pure Chemical Industries, Ltd., and were used without further purification. The EG-W Mo(VI) solutions were prepared freshly whenever the measurement was carried out, although the solutions can be used at least for a few days after the preparation. Other chemicals were of reagent grade and were used as received.
The UV-Vis spectra were recorded by a spectrophotometer (JASCO V-630) with a temperature controller.
In the spectrophotometric measurement, the pass length was 1 cm, New appropriate reaction system was found for spectrophotometric determination of phosphate anion. This spectrophotometric method is based on the color development due to the formation of yellow molybdophosphate anion in acidic ethylene glycol-water (EG-W) mixed solution containing Mo(VI) species. The solution containing e.g. 20 mM Na2MoO4, 0.1 M HCl, and 40% (v/v) EG is colorless, and becomes immediately yellow by addition of phosphate anion. Thus the method is simple, rapid, and easy to carry out. Although Si(IV) species is well known to interfere with the determination of phosphate anion in many cases, the EG-W Mo(VI) solution remains colorless after addition of silicate anion at 1 mM level, indicating that no yellow molybdosilicate anion was formed in the EG-W solution. Under an optimized condition, the absorbance at e.g. 400 nm of the EG-W P(V)-Mo(VI) solution was proportional to the concentration of phosphate anion with good reproducibility, and the detection limit was 1 μM. Also the present method is less interfered by high concentrations of potassium and ammonium cations and oxidative nitrite anion as well as silicate anion. and the distilled water was used for the reference solution unless otherwise stated. The 31 P NMR measurements were made on a JEOL Model JNM-LA400 spectrometer at 161.70 MHz. An inner tube containing D2O was used as an instrumental lock. Chemical shifts were referenced to 85% H3PO4. All of the experiments were performed at 25 ± 1 C.
Results and Discussion
The UV-Vis absorption spectrum for a 20 mM Mo(VI) and 0.1 M HCl aqueous solution (pH 1.8), which was colorless, is shown by curve a (dashed line) in Fig. 1 . No remarkable absorption is observed in the visible light region. By addition of 100 μM P(V), the aqueous Mo(VI) medium became yellow due to the formation of yellow molybdophosphate species including [HnPMo9O34]
(9-n)-anions.
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The absorption spectrum of the aqueous P(V)-Mo(VI) medium is shown by curve b in the figure. Here and in the following, all the spectra of the P(V)-Mo(VI) and Si(VI)-Mo(VI) media were recorded 10 min after the preparation, although the color development in the reaction system of interest is quite fast, as described below. By addition of 100 μM Si(IV), the aqueous Mo(VI) medium also became yellow due to the formation of [SiMo12O40] 4-anion, 17 of which the absorption spectrum is shown by curve c in Fig. 1 . Thus, it is quite difficult to determine phosphate anion without interference of silicate using aqueous Mo(VI) reaction system, so that another new system has been sought in order to develop a simple determination method of phosphorus.
The 20 mM Na2MoO4, 0.1 M HCl, and 40% (v/v) EG aqueous solution, that is, 1:4.6 (molar ratio) EG-W Mo(VI) medium was also colorless, indicating that no yellow isopolymolybdate anion was formed, in contrast to the other O-W media. 11 Curve a (dashed line) in Fig. 2 shows the absorption spectrum of the EG-W Mo(VI) medium. After addition of 100 μM P(V) to the EG-W Mo(VI) solution, the colorless solution immediately turned to yellow, indicating that yellow molybdophosphate species was formed in the medium. Curve b in Fig. 2 shows the absorption spectrum of the EG-W P(V)-Mo(VI) medium. Interestingly, the EG-W Mo(VI) solution remained colorless after addition of 100 μM Si(IV). As shown by curve c in Fig. 2 , the absorption spectrum of the EG-W Si(IV)-Mo(VI) solution is very similar to that of the EG-W Mo(VI) solution. The results indicate that no yellow molybdosilicate anion is formed significantly in the EG-W medium in contrast to the other O-W media. 12 In the following, the absorbance at 400 nm (A400) of the test solution has been used as the scale of yellowness. In Fig. 3 , the A400-value of the EG-W solutions containing 20 mM Mo(VI) and 0.1 M HCl is plotted against the concentration of EG (cEG) with open circles. All the A400-values were the same as or lower than that in the aqueous solution. The A400-value of the EG-W Mo(VI) solutions in the presence of 100 μM Si(IV) is plotted also in Fig. 3 with closed squares. When cEG was higher than 20%, the A400-value was decreased remarkably.
The A400-values of the EG-W Mo(VI) solutions in the presence of 100 μM P(V) are plotted with closed circles in Fig. 3 . When cEG was 5 -40%, the A400-value was higher than that of the aqueous solution, indicating that formation equilibria of molybdophosphate was influenced by EG. Figure 4 shows the 31 P NMR spectrum of the 4 mM P(V), 40 mM Mo(VI), and 0.3 M HCl 40% EG-W solution, in which molybdophosphate species may exist at a high concentration to give well-developed 31 P NMR signals. Two peaks were observed at δ = +0.48 and -3.18 ppm; these can be assigned to free phosphate and to α- [PMo12O40] 3-anions, respectively.
In contrast, no peak Fig. 1 Absorption spectra of the 0.1 M HCl aqueous solution containing (a) 20 mM Na2MoO4, (b) 100 μM Na2HPO4 + 20 mM Na2MoO4, and (c) 100 μM Na2SiO3 + 20 mM Na2MoO4. Fig. 2 Absorption spectra of the 0.1 M HCl 40% EG-W solution containing (a) 20 mM Na2MoO4, (b) 100 μM Na2HPO4 + 20 mM Na2MoO4, and (c) 100 μM Na2SiO3 + 20 mM Na2MoO4. Fig. 3 Plots of A400 against the concentration of EG (in volume percent) with the 0.1 M HCl EG-W solution containing 20 mM Na2MoO4 ( ), 100 μM Na2HPO4 + 20 mM Na2MoO4 ( ), and 100 μM Na2SiO3 + 20 mM Na2MoO4 ( 4-anion. In the EG-and PG-W media, silicate anion may form a silicate ester like tetra(ethylene glycol)silicate. 21 At present, it is difficult to explain fully the effect of EG on the formation equilibria of yellow heteropolymolybdate anions as well as isopolymolybdate anions. However, we note that the EG-W Mo(VI) solution could be used as an analytical reaction medium for the phosphate determination. The A400-value of the 100 μM P(V) and 20 mM Mo(VI) 40% EG-W solution is plotted against the logarithm of the concentration of HCl (cHCl) with closed circles in Fig. 6 . The A400-value was saturated at cHCl = 0.05 and 0.1 M. As shown by open circles in Fig. 6 , the A400-value of the 100 μM P(V) and 40 mM Mo(VI) 40% EG-W solution was saturated at cHCl = 0.1 and 0.2 M. In such solution conditions, the yellow [PMo12O40] 3-anion may be formed quantitatively.
In the following, the 40 mM Mo(VI) and 0.2 M HCl 40% EG-W solution was used as the reaction medium. Since, after addition of P(V) to the reaction medium, the A400 increased immediately and reached a constant value within a few minutes, the A400-value was measured 3 min after the preparation of the P(V)-Mo(VI) reaction mixture. The 95% confidential intervals of the mean value of A400 (n = 5) of the P(V)-Mo(VI) reaction mixture were determined to be 0.043 ± 0.005, 0.082 ± 0.004, 0.121 ± 0.005, 0.162 ± 0.002, and 0.210 ± 0.004 at the concentrations of phosphate anion (cPO4) of 20, 40, 60, 80, and 100 μM, respectively. The A400 vs. cPO4 plot can be fitted to the linear regression line, which is given by A400 = (0.00205 ± 0.0002) (cPO4/μM) + (0.00 ± 0.01),
with the mean square of errors (MSE) of 1.4 × 10 -5 . The detection limit can be calculated to be 1 μM by 3MSE 1/2 /a, where a is the slope of the regression line. If the EG-W medium of 100 μM Na2HPO4 + 20 mM Na2MoO4, and (c, solid line) 100 μM Na2SiO3 + 20 mM Na2MoO4. Fig. 6 Plots of A400 against the logarithm of the concentration of HCl (cHCl) with the 100 μM Na2HPO4 and 20 ( ) and 40 ( ) mM Na2MoO4 40% EG-W solution. cPO4 = 0 was used for the reference solution in the spectrophotometric measurement, the absorbance at the wavelength much shorter than 400 nm, e.g. 360 nm (A360), should be also proportional to cPO4. The regression line fitted to the A360 vs. cPO4 plot was given by A360 = (0.00756 ± 0.0001) (cPO4/μM) + (0.00 ± 0.01), (2) indicating that the concentration of phosphate anion can be determined more sensitively. The influence of other hetroanions on the present phosphate determination has been evaluated from the cPO4-values determined by the A400-value of the reaction media containing 100 μM P(V). The 95% confidence intervals of the mean values of cPO4 (n = 5) are listed in Table 1 . As expected from the above results, 1 mM Si(IV) did not significantly interfere with the phosphate determination. Similarly, 100 μM Ge(IV) did not interfere with the determination. However, the equimolar As(V) led to a positive error of 30%, indicating the formation of a yellow molyboarsenate anion in the EG-W medium. It has been reported that colored molybdovanadate, vanadium-substituded molydophosphate, and molybdopyrophosphate anions are formed in mixed O-W media. [22] [23] [24] The equimolar V(V) led to a positive error of 9%, indicating the formation of colored molybdovanadate and/or vanadium-substituded molydophosphate anions in the EG-W medium. In the presence of 100 μM Na4P2O7, cPO4 was determined to be 99 ± 2 μM, indicating that no yellow molybdopyrophosphate anion is formed significantly in the EG-W medium.
It has been reported that the conventional molybdenum method has been interfered by potassium and ammonium cations at high concentration; such cations form water-insoluble sediment with polyanions in the aqueous reaction medium. 5 In contrast, the present reaction medium was not turbid even in the presence of 1 M KCl and NH4Cl, suggesting that no polyanionic species in the EG-W medium is precipitated with the cations. Therefore, as seen in Table 2 , neither KCl nor NH4Cl at the high concentration led a significant error in the present phosphate determination. The molybdenum blue method is essentially interfered by oxidants. It has been reported that the blueness of the reduced molybdophosphate species is decreased remarkably by NO2
-anion even at 0.1 mM level. 5, 25 However, neither 1 mM NO2 -nor 10 mM NO3 -anions led to a significant error in the phosphate determination as seen in the table.
On the basis of these findings, an optimized procedure for the phosphate determination has been designed as follows: 1, Add 1 mL of the 80 mM Na2MoO4 and 0.4 M HCl 80%(v/v) EG-W solution into the cell cuvette; 2, Add 1 mL of the real sample into the cell cuvette, and stir the mixture with a micro stirrer; 3, Measure the A400-value of the mixture 3 min after addition of the real sample.
The concentration of phosphate anion in the tap water in the absence and presence of 100 μM Na2HPO4 was determined by the present method to compare the results with those by a conventional molybdenum blue method. 5 In neither of the two methods, phosphate anion was detected from the tap water without addition of Na2HPO4. The cPO4 in the tap water with addition of 100 μM P(V) was determined to be 100 ± 4 and 120 ± 20 μM by the present method and the conventional method, respectively.
In conclusion, the developed molybdenum yellow method with mixed EG-W medium can be applied to the determination of phosphate anion even in the presence of excess silicate anion. The present method is simple, rapid, and easy to carry out, so that it can be considered to be useful for the rapid screening of environmental samples. The results of the application to the real samples will be published elsewhere in due time. Table 1 cPO4-values (in μM) determined by the present method for the 100 μM Na2HPO4 solution in the presence of other heteroanions 1 mM Na2SiO3 100 μM Na2GeO3 100 μM Na2HAsO4 100 μM NaVO3 100 μM Na4P2O7 97 ± 5 100 ± 2 130 ± 1 109 ± 3 99 ± 2 
